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1. Introduction 
Nomenclature 
AFL average fluorescence lifetime 
bR bacteriorhodopsin  
FRET Forster resonance energy transfer 
PM purple membrane 
WM white membrane 
QD quantum dot 
QY fluorescence quantum yield 
TPACS two-photon absorption cross-section 
M  fluorescence quantum yield of hybrid system of quantum dots and purple membranes 
E efficiency of Forster resonance energy transfer 
0M  fluorescence quantum yield of quantum dots without purple membranes 
R0 Förster radius 
QD donor fluorescence quantum yield 
N Avogadro’s number 
ߢ2 transition dipole orientation factor 
J(ߣ) normalized overlap integral between the donor emission and acceptor absorption 
FD normalized emission of donor 
ߣ wavelength
İA molar absorption coefficient of acceptor  
n refractive index of the medium 
r distance between the donor and the acceptor 
r0 distance between the donor and the acceptor before dissolution 
C concentration of the solution 
C0 concentration of the solution before dissolution 
GM Goeppert-Mayer unit is equal to cm4 · s · photoní1 
 
In recent time there is great interest to biological photosynthetic systems for novel photoelectronic devices.  This 
is justified by the fact that the main function of such systems is the charge separation by using solar energy. An 
example of such system is the light-sensitive protein bacteriorhodopsin (bR), described in Oesterhelt et al. (1998), 
which can generate an electrical signal under visible light irradiation due to the proton transport through the plasma 
membrane. BR is a promising material for a new generation of biohybrid solar cells and optoelectronics devices. 
However, bR absorbs light mainly only in the visible spectral region, which limits the scope of this photosensitive 
protein. Fluorescent semiconductor nanocrystals, also known as quantum dots (QDs), can transfer energy to bR via 
Forster resonance energy transfer (FRET) and significantly improve the amount of absorbed by bR light energy due 
to its broad absorption spectrum and large extinction coefficient values in the blue and ultraviolet spectral regions 
(Bouchonville et al. (2011); Bouchonville et al. (2013); Rakovich et al. (2010); Nabiev et al. (1990)). This greatly 
increases the applicability of the BR in the fields of photovoltaics and optoelectronics. In addition, bR can’t absorb 
light in the infrared spectral region in the one-photon mode, and its maximum value of two-photon absorption cross 
section (TPACS) is only 290 GM (Birge et al. (1990)). At the same time QDs have TPACS values, which by orders 
of magnitude higher than that of the bR (Larson et al. (2003); Hafian et al. (2014)). This can significantly increase 
the amount of energy absorbed by bR in nano-biohybrid system under two-photon excitation. This means that two-
photon excitation of the hybrid material allows to initiate a bR biological function in the infrared region, which 
opens up new possibilities of using this material. Furthermore, this means that two-photon excitation can provide a 
high selectivity of the QD excitation in QD-bR system. Recently, we have demonstrated the two-photon-induced 
Förster resonance energy transfer (FRET) from CdSe/ZnS QDs to the bR in purple membranes (PMs) from bacteria 
Halobacterium salinarum (Krivenkov et al. (2015)). 
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2. Experimental and theory 
CdSe/ZnS QDs with a fluorescence maximum at 570 nm were selected because of the maximum spectral overlap 
between their fluorescence spectrum and absorption spectrum of bR and therefore the maximal effectiveness of 
FRET from QDs to the bR. They were synthesized by the method described in Baranov et al. (2003) and Stsiapura et 
al. (2006). Then QDs were made water-soluble by substitution the surface ligand trioctylphosphine oxide by SH-
polyethyleneglycol-OH polymer described earlier in Sukhanova et al. (2012). We used bR in its native purple 
membranes (PMs) extracted from the bacteria H. Salinarum by the standard procedure described in Oesterhelt 
(1998). White membranes (WMs) were obtained by careful extraction of photosensitive chromophore retinal (FRET 
acceptor) from PM as described in Bouchonville et al. (2011). Membranes were purified as described in 
Ovchinnikov et al. (1988). 
Absorption and luminescence spectra of samples were measured by Cary 60 UV-vis spectrophotometer (Agilent 
Technologies) and fluorescence spectrofluorimeter Cary Eclipse (Agilent Technologies), respectively. 
Microfluorescence spectra were recorded as described in Feofanov et al (1995) and Sharonov et al. (1993). 
One-photon excitation of the QD–PM complexes in aqueous solution was performed using a Ti:Sapphire 
femtosecond laser system operating at the wavelength of 395 nm, pulse energy of 0.5 nJ, and pulse duration of 300 
fs. Two-photon excitation was performed using the same system operating at the wavelength of 790 nm, pulse 
energy of 5 nJ, and pulse duration of 300 fs. For two-photon excitation the laser beam was focused on the sample 
with a 10-cm focal length lens. For fluorescence decay measurements we used time correlated single photon 
counting system with a time resolution of 256 ps. 
TPACS of QDs was estimated by a comparative measurement of the fluorescence of QDs and organic dyes with 
known TPACS under two-photon excitation, as described in Pu et al. (2006). Solutions of fluorescein in water buffer 
(pH = 11) and rhodamine 6G in methanol were used as a reference dyes with TPACS known from Makarov et al. 
(2008). QDs concentrations in the solutions were evaluated using the extinction coefficient in the first exciton 
absorption maximum of QDs defined in Jasieniak et al. (2009). 
FRET efficiency in our experiments was determined from the expression, obtained by substituting of quantum 
yield (QY) parameter instead of fluorescence lifetime in the equation 13.14 from Lakowicz (2006): 
0
1E M
M
  ,   (1) 
where E is FRET efficiency, M is QY of QD-PM system, and 0M is QY of QDs without PM. 
For theoretical calculations, the FRET efficiency can be also determined using the following equation: 
6
0
6 6
0( )
A
A
n RE
n R r
 

,   (2) 
where r is the distance between the donor and the acceptor, nA is the number of acceptors accessible for energy 
transfer from the donor, and R0 is the Förster radius defined as the distance between donor and acceptor at which the 
FRET efficiency is 50%. It can be calculated from the intrinsic optical and spectral parameters of donor and 
acceptor: 6 2 5 4 10 9000(ln10)Q (128 ) ( )DR Nn JN S O
 , where QD is the donor fluorescence QY, ߢ2 is the transition 
dipole orientation factor, N is Avogadro’s number, n is the refractive index of the medium, and J(ߣ) is the 
normalized overlap integral between the donor emission and acceptor absorption. The normalized overlap integral is 
calculated as follows: 
4
0
( ) ( ) ( )D AJ F dO O H O O O
f
 ³ ,   (3) 
where FD is the normalized emission of donor, and İA is the molar absorption coefficient of acceptor at the 
wavelength ߣ. 
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ratio. Under this assumption, we can found a theoretical dependence of FRET efficiency on the concentration of the 
solution. When the distance changes from r0 to r the concentration changes from C0 to C, and their ratio equals to: 
1/3
0
0
Cr
r C
§ ·
 ¨ ¸
© ¹
,   (5) 
Using the above reasoning, we can estimate the dependence of the FRET efficiency on the solution concentration ɋi 
by the following equation by substituting r from (5) to the (2): 
6
0
2
6 6 0
0 0
(C ) Ai
A
i
n R
E
Cn R r
C
 
§ ·
 ¨ ¸
© ¹
,   (6) 
We assume that nAR06 does not change with changing concentration; hence, it can be expressed in terms of r06: 
6 6 0
0 0
0
(C )
1 (C )A
E
n R r
E
 

,   (7) 
where ɋ0 is the initial concentration of the sample. Thus, by substituting (7) into (6), we obtain the final expression 
for the dependence of the FRET efficiency on the concentration of the solution: 
12
0 0
0
1
1
E CE
E C

ª º § · « »¨ ¸© ¹« »¬ ¼
,   (8) 
Next, we measured the FRET efficiency experimental dependence on the solution concentration to compare with the 
theoretical dependence and confirm our assumption that the system is not a set of freely floating particles, but is an 
aqueous solution of QDs-PM complexes. We used an aqueous mixture of QD with PM with initial FRET efficiency 
of 0.4. The stock solution was diluted to 16 times, and the QY has been measured for each dilution step. The 
comparison of the experimental and theoretical dependences shows that the FRET efficiency was much greater than 
the theoretically expected value for a system of freely floating particles in each experimental point (Fig. 2). This 
shows that FRET in our system has been associated with the formation of the complexes, because in otherwise case 
the experimental FRET efficiency dependence would be close to the theoretically calculated value. The 
experimentally observed decrease in the FRET efficiency (from 0.4 to 0.25) can be explained by the fact that the 
complexes are not rigidly connected and the system is in dynamic equilibrium between the desorbed QDs and 
formed QD–PM complexes. Thus, upon dilution of the solution, the rate of complex formation will decrease and the 
proportion of the complexes in the solution is reduced, leading to reduced FRET efficiency.  
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infrared region of the spectrum in two-photon mode was realized. In addition, the FRET efficiency is enough to 
initiate bR biological function under two-photon excitation of QDs in the infrared region of the spectrum. It could 
open up new ways to use this promising bio-hybrid material in the fields of solar energy conversion, biosensors, 
biocomputing technologies, optoelectronics, imaging and drug delivery (Montenegro et al. (2013)). 
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